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any studies of endocytosis and phagocytosis
presume that organelles containing a single kind
of internalized particle exhibit invariant patterns of
protein and phospholipid association as they mature inside
cells. To test this presumption, ﬂuorescent protein chimeras
were expressed in RAW 264.7 macrophages, and time-lapse
ratiometric ﬂuorescence microscopy was used to measure
the maturation dynamics of individual phagosomes con-
taining IgG-opsonized erythrocytes. Quantitative analysis
revealed consistent patterns of association for YFP chimeras
of 
 
 
 
-actin, Rab5a, Rab7, and LAMP-1, and no association
M
 
of YFP chimeras marking endoplasmic reticulum or Golgi.
YFP-2xFYVE, recognizing phosphatidylinositol 3-phosphate
(PI(3)P), showed two patterns of phagosome labeling. Some
phagosomes increased labeling quickly after phagosome
closure and then lost the label within 20 min, whereas others
labeled more slowly and retained the label for several hours.
The two patterns of PI(3)P on otherwise identical phagosomes
indicated that organelle maturation does not necessarily
follow a single path and that some features of phagosome
maturation are integrated over the entire organelle.
 
Introduction
 
Phagocytosis of particles by macrophages provides an experi-
mental model for analyzing the uniformity and integrity of
organelle maturation inside cells. Fc
 
 
 
 receptor (FcR)–mediated
phagocytosis occurs by the sequential engagement of particle-
bound IgG by macrophage surface FcR. Ligated FcRs locally
activate intracellular signaling that results in pseudopod
extension over the particle and further engagement of particle-
bound IgG by macrophage FcR. This zipper-like mechanism
of pseudopod advance is followed by contractile activities
that constrict the outer margin of these extensions to enclose
the particle (Greenberg et al., 1991; Swanson et al., 1999).
The newly formed individual organelle, the phagosome,
matures by a series of interactions with endocytic compart-
ments, eventually fusing with lysosomes (Desjardins et al.,
1994). Phagosome maturation could be guided locally by
continued FcR-associated signaling. Alternatively, mechanisms
of maturation could be integrated over the phagosome. If
maturation were strictly locally regulated, then individual
FcR phagosomes should all mature alike. If maturation
also entails integrative activities, however, one might expect
instances in which a phagosome behaves as an integrated
whole. It is therefore appropriate to measure the uniformity
of maturation.
Phagocytosis and phagosome maturation are temporally
coordinated through sequential activities of molecules that
regulate the cytoskeleton and direct fusion with elements
of the endocytic pathway. Rab GTPases and phosphoinosi-
tides regulate diverse functions associated with membrane
trafficking, such as vesicle formation (McLauchlan et al.,
1998), vesicle docking and fusion (Simonsen et al., 1998;
Christoforidis et al., 1999; Gillooly et al., 2001), and organelle
association with the cytoskeleton (Nielsen et al., 1999).
Rab5a is associated with early endosomes and directs inter-
action of phagosomes with early endosomes, as well as
homotypic endosome fusion (Bucci et al., 1992; Duclos et
al., 2000). Rab5a recruits the type III phosphatidylinositol
(PI) 3-kinase hVps34, which generates PI 3-phosphate
(PI(3)P) (Christoforidis et al., 1999; Murray et al., 2002).
The concomitant presence of Rab5a and PI(3)P is necessary
for the recruitment of early endosomal antigen 1, which
mediates vesicle docking and fusion (Gaullier et al., 2000;
Lawe et al., 2000).
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PI(3)P on phagosomes may facilitate assembly of the
NADPH oxidase complex, which mediates oxidative de-
struction of internalized microorganisms (Babior, 1999).
p40
 
phox
 
 and p47
 
phox
 
 are soluble proteins of the complex that
contain PX domains. PI(3)P may coordinate recruitment of
these proteins to forming complexes (Kanai et al., 2001;
Zhan et al., 2002).
Rab7 is acquired by phagosomes during the progression
from the early to late endosomal stages (Desjardins et al.,
1994). Rab7 is localized to late endosomes and lysosomes
and is an important regulator of membrane transport from
early to late endosomes (Vitelli et al., 1997; Feng et al.,
2001) and of lysosome biogenesis (Bucci et al., 2000).
Lysosomes are distinguished from endosomes, in part, by
the presence of lysosome-associated membrane protein
(LAMP)-1 (Chang et al., 2002). Lysosomes are the terminal
degradation compartment of the endocytic pathway (Korn-
feld and Mellman, 1989) and play an important role in the
degradation of phagocytosed material (Funato et al., 1997).
Recent work has indicated that phagosomes interact not
only with components of the endocytic pathway but with
other intracellular compartments as well. Proteins of the ER
have been localized by immunoelectron microscopy to
phagosomes containing latex beads or erythrocytes (Gagnon
et al., 2002). Phagosomes containing the obligate intracellu-
lar parasite 
 
Chlamydia trachomatis
 
 communicate with the
Golgi apparatus and do not acquire endocytic or lysosomal
markers (Scidmore et al., 2003).
Progression through the endocytic pathway can be moni-
tored in live cells with fluorescent protein chimeras of intracel-
lular markers (Sonnichsen et al., 2000; Feng et al., 2001;
Jaiswal et al., 2002). Rab5a, Rab7, and LAMP-1 have been lo-
calized with GFP-tagged proteins. ER and Golgi membranes
have been marked with GFP containing calreticulin ER-tar-
geting and retrieval sequences (Kendall et al., 1994; Roderick
et al., 1997), or the Golgi-targeting sequence of human 
 
 
 
 1,4-
galactosyltransferase, respectively (Gleeson et al., 1994; Llopis
et al., 1998). PI(3)P has been localized using fluorescently
tagged PX and FYVE domains that bind PI(3)P with high af-
finity and specificity (Gaullier et al., 2000; Sato et al., 2001).
Although chimeric proteins containing a single FYVE do-
main do not localize significantly to PI(3)P-rich membranes
(Gillooly et al., 2000), a chimeric fluorescent protein encoding
two tandem FYVE domains (GFP-2xFYVE) from hepatocyte
growth factor–regulated tyrosine kinase (Hrs) binds PI(3)P
specifically (Gillooly et al., 2000; Stenmark et al., 2002).
Maturation patterns determined from phagosomes iso-
lated or fixed during synchronized phagocytic responses pre-
sume that all phagosomes of a given class mature alike. Al-
though there is abundant evidence that different particles
can follow different maturation pathways in cells (Oh and
Swanson, 1996; Aderem and Underhill, 1999), the assump-
tion that all particles of a single class exhibit identical pat-
terns of maturation has not been tested. Here, we followed
the maturation in live cells of individual phagosomes con-
taining IgG-opsonized erythrocytes (E-IgG). We provide ev-
Figure 1. Distribution of YFP-actin during phagocytosis. (a) Time series showing phase-contrast, the component fluorescence images of (b) 
CFP, (c) YFP-actin, and (d) ratio images representing YFP-actin/CFP. Each column contains component images of one time point, separated 
from the adjacent columns by the time, in minutes, indicated in the phase-contrast image panel. The YFP-actin/CFP ratios were high in the 
forming phagocytic cup but declined quickly after closure of the cup. (e) Time series of phase-contrast images from a single phagocytic event 
and (f) the corresponding ratio images in a cell expressing YFP and CFP. The ratio was uniform at each time point. 
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idence that maturation is largely uniform but that patterns
of maturation vary with respect to PI(3)P. This indicates
that signaling for maturation is not regulated strictly by local
interactions but is integrated over the entire organelle.
 
Results
 
The interactions of proteins and organelles with newly formed
phagosomes were measured in RAW 264.7 macrophages ex-
pressing soluble CFP plus YFP chimeras. The movements of
 
 
 
-actin, Rab5a, Rab7, and LAMP-1 were inferred using YFP
chimeras of those proteins. PI(3)P was localized with a YFP
chimera of tandem Hrs FYVE domains. ER was localized with
YFP containing calreticulin ER targeting sequences, and the
Golgi apparatus was localized using YFP with Golgi targeting
sequence of human 
 
 
 
 1,4-galactosyltransferase. Ratiometric
imaging of YFP chimeras and CFP allowed mapping of the
distributions of the maturation markers during FcR-mediated
phagocytosis of E-IgG. Three images were collected at regular
intervals during a phagocytic response: phase-contrast, YFP,
and CFP. These were then compiled to generate three time-
series movies and a processed time-series movie representing ra-
tios of YFP to CFP fluorescence (Fig. 1, a–d). YFP signals were
normalized to the distribution of the cytosol, using CFP. The
YFP/CFP ratio images represented two-dimensional projec-
tions of the relative intracellular concentrations of the YFP chi-
meras. In cells expressing nonchimeric YFP and CFP, the ratio
images appeared uniformly gray despite cell movement and
considerable variation in cytoplasmic thickness. This indicated
that the ratiometric image processing of YFP chimeras reliably
localized distributions of the tagged proteins (Fig. 1, e and f).
 
Dynamics of YFP chimeras during phagocytosis
 
The temporal dynamics of YFP chimeras during phagocyto-
sis were analyzed quantitatively by automated image analysis.
A morphometric routine tracked the phagosome through a
time series and measured at each time point the ratio of YFP/
CFP on the phagosome (R
 
p
 
) and the fraction of the phagoso-
mal region of interest that contained CFP signal above a set
threshold (Fig. 2). Only cells that completed phagocytosis by
lateral extension of pseudopodia (i.e., side view) were selected
for processing. R
 
p
 
 was then divided by the ratio of YFP/CFP
for the entire cell (R
 
c
 
) to obtain a normalized ratio of YFP/
CFP in the phagosome (R
 
p
 
/R
 
c
 
). When R
 
p
 
/R
 
c
 
 
 
 
 
 1.0, the con-
centration of YFP relative to CFP in the phagosome was
identical to that of the cytoplasm, that is, YFP was not local-
ized to the phagosome. To compare R
 
p
 
/R
 
c
 
 from multiple
phagocytic events, time series were aligned temporally using
the rate of pseudopod extension (Fig. 3 a). For each series,
the time point of complete pseudopod extension around the
erythrocyte was set at 5 min (Fig. 3 a). For macrophages ex-
pressing different YFP chimeras, the rates at which the binary
mask filled phagosomal regions of interest were all similar,
indicating that the probes did not measurably inhibit phago-
cytosis. Increases in R
 
p
 
/R
 
c
 
 above 1.0 indicated increased con-
centration of the YFP chimera in the phagosome (Fig. 3 b).
Phagocytosis by macrophages expressing YFP and CFP gave
a constant R
 
p
 
/R
 
c
 
 value of 1 at all times (Fig. 3 c).
 
Actin, Rab5a, Rab7, and LAMP-1 dynamics were 
consistent for all phagosomes
 
Phagocytosis of E-IgG was accompanied by the rapid accu-
mulation of YFP-actin in the forming phagocytic cup (Fig. 1
d). Actin moved as a circumferential band over the erythro-
Figure 2. The particle-tracking image analysis routine. The 
phagosome was marked in the phase-contrast image by two squares. 
The inner square defined the center of the object, and the outer 
square defined the search region. Regions of interest were positioned 
in the corresponding YFP, CFP, and CFP-thresholded images from 
the centroid of the phagosome determined above. From time 1 to 
time 2, the tracking routine followed the phagosome and adjusted 
the positions of the region of interest accordingly. For each frame, 
the mean fluorescence intensities, standard deviation, or fractional 
thresholded area were recorded for the phagosomal region of interest. Figure 3. Quantitative analysis of YFP-actin dynamics during 
phagocytosis. (a) Rate of phagosome extension in cells expressing 
YFP-actin and CFP was measured as the rate at which the binary mask 
filled the region of interest. The time point for maximal threshold was 
set to 5 min, and all the image stacks and corresponding data were 
realigned accordingly; this synchronized the measurements (e.g., the 
tracings shown in panel a were used to align the ratios for panel b). (b) 
Synchronized data from the tracking routine outputs for phagocytic 
events in cells expressing YFP-actin and CFP. The YFP-actin/CFP ratio 
in the phagosome (Rp) was normalized with respect to the YFP-actin/
CFP ratio for the entire cell, yielding Rp/Rc, (diamonds). Rp/Rc and 
fraction thresholded area of the region of interest (circles) were plotted 
relative to time during pseudopod extension around the particle. 
Before and after extension, Rp/Rc was near 1, but this ratio increased 
sharply during pseudopod extension (n   11). (c) Rp/Rc for cells ex-
pressing nonchimeric YFP and CFP (n   5). The bars indicate SEM. 
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cyte, consistent with sequential activation of Fc receptors
along the extending pseudopod (Griffin and Silverstein,
1974) (Fig. 1 c). Fig. 3 b shows measurements from the time
series of YFP-actin/CFP. Prior to internalization of the op-
sonized erythrocyte (0 min), the ratio R
 
p
 
/R
 
c
 
 was slightly
greater than 1 due to the presence of cortical actin. R
 
p
 
/R
 
c
 
then increased on the phagosome (0.25–4 min) and de-
creased (4.0–7 min), indicating the transient localization of
F-actin in the forming phagosome. These results were simi-
lar to those obtained with rhodamine-labeled actin (Swan-
son et al., 1999) and GFP-actin (Araki et al., 2003).
The early endosome marker YFP-Rab5a was absent from
the forming phagocytic cup but present during phagosome
closure (Fig. 4 a). The YFP-Rab5a/CFP ratio increased after
Figure 4. Distributions of YFP-Rab5a, -Rab7, –LAMP-1, -Golgi, and -ER during phagocytosis. Each column contains component images of 
one time point, separated from the adjacent columns by the time, in minutes, indicated in panel a, with the exception of panel e. (a) Time 
series of YFP-Rab5a/CFP ratio images. The ratio increased after phagosome formation and began to decrease after 10 min. (b) Time series of 
YFP-Rab7/CFP ratio images. The ratio began to rise 5 min after phagosome closure and remained high throughout the observation. (c) Time 
series of YFP-Golgi/CFP and (d) YFP-ER/CFP ratio images. The ratios were flat at all time points. (e) Time series of YFP–LAMP-1/CFP ratio 
images. The ratio increased 20 min after internalization and remained high throughout the observation. 
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internalization (5–7 min). The labeling of early phagosomes
with YFP-Rab5a was transient and persisted for up to 10
min, after which the ratio returned to 1 (Fig. 5 a). These dy-
namics were evident in every phagocytic event studied.
E-IgG phagosomes acquired YFP-Rab7 subsequent to YFP-
actin dissociation (Fig. 4 b). The ratio of YFP-Rab7 to CFP
increased beginning at 9 min after phagocytosis, continued
for 10 min, and reached a plateau by 20 min (Fig. 5 b). This
concentration was maintained for at least 6 h (not depicted),
indicating that YFP-Rab7 was abundant on both late endoso-
mal and lysosomal membranes. To verify this result, cells
transfected with YFP-Rab7 were pulsed with Texas red dex-
tran followed by an overnight chase to label lysosomes. YFP-
Rab7 labeling partially colocalized with Texas red dextran–
labeled lysosomes (unpublished data). These Rab7-positive
organelles may represent exchanges of contents and/or
membrane proteins between late endosomes and lysosomes
(Mullock et al., 1998), or fusion of late endosomes with lyso-
somes to form hybrid compartments (Griffiths, 1996).
Quantitative analysis indicated that phagosomes should
contain both Rab5a and Rab7 for a brief period during their
maturation. To determine the extent of Rab5a and Rab7 over-
lap on phagosomes, ratiometric imaging was applied to RAW
macrophages cotransfected with CFP-Rab7 and YFP-Rab5a.
The ratio of YFP-Rab5a to CFP-Rab7 was high for 
 
 
 
5 min
after particle engulfment, corresponding to the period when
phagosomes contained Rab5a but not Rab7. During the next
2.5 min, phagosomes were labeled with both markers; this was
indicated by R
 
p
 
/R
 
c
 
 values of 1 between 10 and 12.5 min (Fig.
5 c). The phagosomal YFP-Rab5a/CFP-Rab7 ratio decreased
due to both dissociation of YFP-Rab5a and association of
CFP-Rab7. Then the ratio dropped below 1 as Rab5a left the
phagosome and Rab7 remained. Importantly, the probe dy-
namics measured in cells expressing YFP-Rab5a plus CFP-
Rab7 (Fig. 5 c) were nearly identical to the dynamics inferred
from cells expressing YFP-Rab5a plus CFP or YFP-Rab7 plus
CFP. This indicated that sample sizes were sufficient to mea-
sure the dynamics of the chimeras on phagosomes.
The progression of phagosomes to late endosomes or lyso-
somes was indicated by their acquisition of YFP–LAMP-1
(Fig. 4 e). The ratio of YFP–LAMP-1 to CFP was near 1 un-
til 20 min, after which R
 
p
 
/R
 
c
 
 slowly increased (Fig. 5 d).
Thus, two markers of late endosomes, Rab7 and LAMP-1,
labeled phagosomes with different kinetics.
 
ER and Golgi markers were absent from 
erythrocyte phagosomes
 
The fluorescent chimera used to mark ER membrane con-
sisted of YFP-tagged ER targeting sequence and retrieval se-
Figure 5. Rab5a, Rab7, and LAMP-1 dynamics were consistent for 
all phagosomes. Synchronized data from the tracking routine outputs 
for phagocytic events in cells expressing (a) YFP-Rab5a and CFP 
(n   10), (b) YFP-Rab7 and CFP (n   14), (c) YFP-Rab5a and CFP-
Rab7 (n   11), and (d) YFP–LAMP-1 and CFP (n   4). The ratio data 
for each set were aligned as described in Fig. 3. The Rp/Rc values for 
each marker were similar at all time points. The gray curves in a, b, 
and d indicate the rates of pseudopod extension. The gray curve in 
panel c was obtained by dividing the Rp/Rc values for Rab5a (a) by 
the Rp/Rc values for Rab7 (b).
Figure 6. ER and Golgi markers were absent from erythrocyte 
phagosomes. Synchronized data from the tracking routine outputs for 
phagocytic events in cells expressing (a) YFP-Golgi and CFP (n   6) 
and (b) YFP-ER and CFP (n   9). The unchanging Rp/Rc values in cells 
indicated absence of these markers on phagosomes. (c) Compiled 
YFP-ER/CFP ratios for opsonized erythrocytes (n   9) as compared 
with YFP-ER/CFP ratios for 3.5- m latex beads (n   15). P   0.0001. 
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quences of calreticulin, which have been shown to localize
proteins to the ER lumen (Kendall et al., 1994; Roderick et
al., 1997). YFP-ER fluorescence in RAW macrophages ex-
hibited a typical ER network throughout the cell, with no
fluorescence visible in the nucleus (Fig. 4 d). YFP-Golgi,
consisting of YFP-tagged Golgi targeting sequence of human
 
 
 
 1,4-galactosyltransferase, brightly labeled a small area of
membrane juxtaposed to the nucleus, which is typical of
trans-medial Golgi staining (Fig. 4 c). During phagocytosis,
the ratio of YFP-ER or YFP-Golgi to CFP in the phagosome
did not change, but remained at 1, indicating that neither
ER nor Golgi membranes were associated with E-IgG
phagosomes (Fig. 6, a and b). Absence of YFP-ER from
E-IgG phagosomes was inconsistent with results of Gagnon
et al. (2002). For a more direct comparison, we measured
YFP-ER localization to phagosomes containing latex beads.
YFP-ER was observed on latex bead phagosomes up to 30
min after internalization (Fig. 6 c).
 
PI(3)P displayed heterogeneous association 
and dissociation profiles
 
YFP-2xFYVE localized to intracellular vesicular structures
when expressed in macrophages. Incubation of cells with
wortmannin, an inhibitor of PI 3-kinase, abolished the local-
ization of YFP-2xFYVE on intracellular vesicular structures
(unpublished data). YFP-2xFYVE was observed on E-IgG
phagosomes after closure, indicating that PI(3)P was gener-
ated early (Fig. 7 a). The association of YFP-2xFYVE with
phagosomes slightly preceded that of YFP-Rab5a, indicating
possible generation of PI(3)P by enzymes other than hVps34.
The timing of PI(3)P association and dissociation was
variable. Some phagosomes displayed high YFP-2xFYVE/
CFP ratios immediately after sealing from the plasma mem-
brane and lost the marker after 
 
 
 
10 min, while for other
phagosomes, the ratio increased slowly and remained high
for the duration of the experiments (Fig. 7 b). This differen-
tial 2xFYVE localization could be observed on two phago-
somes within the same macrophage. Overall, 32 of 68 re-
corded phagocytic events displayed early loss of PI(3)P, and
the remainder retained the marker.
The duration of PI(3)P localization to phagosomes did
not correlate with the number of phagosomes per macro-
phage, nor with the relative timing of phagocytic events in a
cell. To determine whether variation in opsonization of the
erythrocytes could account for variation in the maturation
patterns exhibited by E-IgG phagosomes, the density of IgG
bound to erythrocytes was quantified by flow cytometry.
The mean fluorescence of erythrocytes labeled with various
concentrations of antibody was compared to determine rela-
tive density. As the concentration of antibody was increased,
Figure 7. PI(3)P exhibited two distinct kinetic profiles on phagosomes. 
(a) Time series of ratio images in a cell expressing YFP-2xFYVE and CFP. 
YFP-2xFYVE was removed from the phagosome by 10 min. (b) Time series 
of ratio images in a cell expressing YFP-2xFYVE and CFP. YFP-2xFYVE 
remained on the phagosome for the length of the observation (20 min). 
(c) Temporally aligned data from the tracking routine outputs for phagocytic 
events in cells expressing YFP-2xFYVE and CFP. Rp/Rc increased immediately 
after internalization for all phagosomes, but after 9 min, Rp/Rc varied (n   10). 
(d) Rp/Rc values for phagosomes that lost YFP-2xFYVE at early time points 
(filled diamonds) (n   5) as compared with Rp/Rc values for phagosomes 
that retained YFP-2xFYVE (open diamonds) (n   5). (e) Quantitative analysis 
of dynamics in macrophages cotransfected with YFP-2xFYVE and CFP-Rab7 
(black circles) (n   15) as compared with Rp/Rc values for YFP-2xFYVE 
plus CFP (a) divided by the Rp/Rc values for YFP-Rab7 plus CFP (Fig. 5 b) 
(gray circles). Rp/Rc was high initially due to high concentrations of PI(3)P 
on phagosomes and decreased as CFP-Rab7 accumulated on phagosomes. 
The higher ratio of PI(3)P to Rab7 in the cotransfected group reflects a 
higher proportion of phagosomes that retained YFP-2xFYVE. 12 of 15 
phagosomes retained the marker. 
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the mean fluorescence of the erythrocytes increased accord-
ingly until it reached a maximum. The maximum density
was achieved at antibody concentrations below those used
for phagocytosis experiments, indicating that the erythro-
cytes used were maximally coated with antibody. The varia-
tion in opsonization was determined by the coefficient of
variance. At maximum antibody density, the coefficient of
variance was 30%, indicating that the variation in antibody
density was minimal (unpublished data).
Quantitative analysis of YFP-2xFYVE/CFP ratios revealed
two distinct profiles of PI(3)P localization during phagocy-
tosis. Comparing these phagocytic events with those that oc-
curred in cells expressing YFP-Rab5a or YFP-Rab7 and
CFP, it was apparent that the first PI(3)P localization profile
preceded YFP-Rab5a accumulation, and the second PI(3)P
profile coincided with YFP-Rab5a accumulation. The quan-
titative data for PI(3)P kinetics was collected from the 10
side-view phagocytic events that could be aligned using bi-
nary masks. 5 of the 10 exhibited early loss of PI(3)P, and 5
exhibited late loss (Fig. 7 d).
Heterogeneous localization of YFP-2xFYVE was also ob-
served on latex bead phagosomes. The localization of YFP-
2xFYVE to phagosomes containing opsonized 5-
 
 
 
m latex
beads was observed at fixed time points. At 15 min, half of
latex bead phagosomes were labeled with YFP-2xFYVE,
while half were unlabeled. At 30 min, 
 
 
 
90% of latex bead
phagosomes lacked YFP-2xFYVE labeling. A small percent-
age of phagosomes still retained the marker at 60 min. No
latex bead phagosomes were labeled at 75 min.
Although PI(3)P is known as a marker of early endosomes,
the persistence of YFP-2xFYVE on some phagosomes sug-
gested that it may also be present on late endosomes and lyso-
somes. To investigate this possibility, RAW macrophages
were cotransfected with YFP-2xFYVE and CFP-Rab7. The
YFP/CFP ratio was initially high, due to high concentrations
of PI(3)P on E-IgG phagosomes, and then decreased as CFP-
Rab7 accumulated on phagosomes. The slow decrease in ra-
tio indicated that PI(3)P and Rab7 colocalized on phago-
somes for varying time periods (Fig. 7 e). Thus, PI(3)P was
present on late endosomal membranes but was not a reliable
late endosomal marker. To ascertain PI(3)P expression on ly-
sosomes, cells transfected with YFP-2xFYVE were pulsed
with Texas red dextran followed by an overnight chase to la-
bel lysosomes. YFP-2xFYVE labeling did not correspond to
Texas red–labeled lysosomes, indicating that PI(3)P was not
present on lysosomes (unpublished data).
 
Discussion
The high sensitivity and temporal resolution provided by ra-
tiometric imaging of individual phagosomes indicated that
some aspects of maturation were integrated over the entire
organelle. Maturation was largely similar from one event to
the next: actin was present briefly during phagosome forma-
tion, Rab5a and Rab7 associated sequentially, with a brief
period of overlap on the nascent phagosome, and LAMP-1
associated later than Rab7. Yet despite the constant patterns
of maturation for these markers, the timing of PI(3)P forma-
tion and removal from phagosomes fell into two very differ-
ent patterns. The underlying mechanism for the divergence
remains unknown, but its existence indicates integrative ac-
tivities in organelle maturation.
Quantitative analysis of single phagocytic events in live
cells revealed subtleties in membrane marker dynamics that
would be missed by analyses of fixed cells or isolated phago-
somes. The sensitivity of ratiometric fluorescence micros-
copy to low concentrations of chimeric molecules on phago-
somes detected the gradual association and dissociation of
markers on phagosomes, creating complete temporal profiles
of marker dynamics. By normalizing YFP chimera distribu-
tions with CFP, the localization and relative concentrations
of the membrane markers could be measured throughout
the phagocytic response, independent of path length varia-
tions or cell movement (Swanson, 2002). Ratiometric fluo-
rescence microscopy was also used to quantify the relative
dynamics of two markers.
The use of fluorescently tagged probes may be compli-
cated by competition between those probes and nonfluores-
cent endogenous molecules. For example, the loss of fluores-
cence from a phagosome could reflect either the normal
removal kinetics of the endogenous protein or the displace-
ment of the fluorescent probe by endogenous protein. Com-
petitive displacement seems unlikely, however, as the dy-
namics reported here are consistent with those inferred by
other methods.
Invariant features of maturation
The maturation pathway followed by phagosomes contain-
ing opsonized erythrocytes was defined by the sequential
appearance of actin, Rab5a, Rab7, and LAMP-1 on phago-
somal membranes. The timing of association and dissocia-
tion of these markers on phagosomes defined a pattern
displayed by all E-IgG phagosomes measured and was
strikingly similar from one phagosome to the next. The co-
ordinated activity of these markers may be necessary for
phagosome trafficking to lysosomes, as disruption of this
pathway through inhibition of Rab5a or Rab7 alters pha-
gosome progression to lysosomes (Duclos et al., 2000;
Roberts et al., 2000; Feng et al., 2001).
The sensitivity of ratiometric fluorescence microscopy to
slight increases in levels of markers on phagosomes relative
to the cytoplasm confirmed the presence of an ER marker
on latex bead phagosomes and the absence of the ER
marker on E-IgG phagosomes. The differential recruit-
ment of markers between the two types of phagosomes
may be due to differences in the initial binding of particles
to macrophage surface receptors, which initiate signaling
for particle engulfment (Greenberg et al., 1991). The sur-
face receptors ligated by latex beads and opsonized erythro-
cytes may not be the same. It was not surprising then to
find differences in markers between E-IgG phagosomes
and latex bead phagosomes.
This differential association of ER with E-IgG phago-
somes and latex bead phagosomes may underlie differences
in antigen delivery to major histocompatibility complex
(MHC) class I molecules via phagocytosis. Antigen delivery
from latex bead phagosomes into the cytoplasm for MHC
class I–restricted antigen presentation has been demon-
strated (Rock et al., 1994). The ER present on latex bead
phagosomes contains components of the MHC class I anti-192 The Journal of Cell Biology | Volume 164, Number 2, 2004
gen presentation pathway, which facilitate loading of anti-
gens delivered on latex bead phagosomes onto MHC class I
molecules of those same phagosomes (Guermonprez et al.,
2003; Houde et al., 2003). Interestingly, antigen delivered
via E-IgG phagosomes was shown to be less available for
MHC class I presentation than antigen delivered via latex
beads (Oh et al., 1997). The different efficiencies of loading
may be due to differences in the extent of ER recruitment
between latex bead phagosomes and E-IgG phagosomes.
Variable features of maturation
Amidst this tight coordination of maturation molecules, the
dynamics of PI(3)P on phagosomes were not uniform. It is
unlikely that these results reflect occasional deregulation of
the maturation pathway, as the acquisition of Rab7 and
LAMP-1 remained constant in all cases. Rather, these results
point to the existence of two pathways of maturation. Both
pathways maintain a constant timing of interactions be-
tween phagosomes, early endosomes, and late endosomes,
yet phagosomal PI(3)P levels rise and fall in two patterns.
The patterns may be determined stochastically, by random
fluctuations in the activities of lipid kinases or phosphatases
that then become amplified to one of two extremes. Or they
may be determined by some still-unmeasured functional
variation in phagosomal maturation.
Heterogeneous PI(3)P dynamics have also been observed
for Salmonella typhimurium–containing vacuoles. PI(3)P ap-
peared and reappeared on Salmonella-containing vacuoles
for varying time periods, producing asynchronous “flashes”
of 2xFYVE-GFP labeling (Pattni et al., 2001). It was sug-
gested that competing activities of bacterial and cellular en-
zymes caused this phenomenon. The production and degra-
dation of PI(3)P are affected by type III PI 3-kinase, the
phosphatase myotubularin, and probably other lipid kinases
and phosphatases. The competing activities of these en-
zymes, together with positive or negative feedback effects,
could produce the two different labeling patterns observed
on 20-min-old phagosomes.
What functional differences could explain the different
patterns of PI(3)P labeling? Imperceptible differences in the
combination of phagosomal proteins or lipids at 9 min
could create a small bias that becomes amplified for further
PI(3)P generation or its removal. The timing of the labeling
indicates a possible role for Rab5a and Rab7. YFP-2xFYVE
association began similarly in all phagosomes, increasing
rapidly 5 min after the initiation of phagocytosis. At 9 min,
however, when half of the phagosomes continued to increase
PI(3)P and the other half lost it, Rab5a accumulation slowed
and Rab7 levels began to increase. Small differences in the
levels or activities of these GTPases could bias the feedback
loops affecting lipid kinases or phosphatases.
Another possible functional difference defining the two
patterns could be the levels of activity of the NADPH oxi-
dase. PI(3)P can recruit effector proteins containing FYVE
or PX domains. There are  40 FYVE domain–containing
proteins and  150 proteins with PX domains, including
many regulators of vesicular trafficking (Stenmark and
Aasland, 1999; Ellson et al., 2002). Of particular interest are
the p40
phox and p47
phox subunits of NADPH oxidase, which
bind PI(3)P. Heterogeneous PI(3)P association with phago-
somes may allow for variation in NADPH oxidase activity
on phagosomes. An early and transient oxidative response
may be appropriate for some phagosomes, while a sustained
oxidative response may be necessary for others. Different
levels of reactive oxygen intermediates generated inside the
phagosome could bias the chemistries affecting PI(3)P levels.
The dynamic levels of phagosomal PI(3)P lead to either of
two steady states on the 20-min-old phagosome: mainte-
nance of a high level of PI(3)P or complete absence of
PI(3)P. The complete conversion to one of these two states
indicates that the signals governing phagosome membrane
chemistry are integrated over the entire organelle. A signal
above a certain threshold precipitates an all-or-none re-
sponse. This contrasts with the mechanism of particle
engulfment. Internalization of IgG-opsonized particles by
FcR-mediated phagocytosis occurs through the local activa-
tion of receptors along the extending pseudopod, a hallmark
of “zippering” phagocytosis (Griffin and Silverstein, 1974).
FcR signaling is spatially confined to the region of cytoplasm
near the receptor. If the levels of PI(3)P were also de-
termined solely by localized signaling from ligated recep-
tors, then all IgG-erythrocyte–containing phagosomes would
have to mature similarly, with PI(3)P levels reflecting the av-
erage of the many receptor-proximal signals. Instead, each
organelle commits entirely to one path or the other.
Materials and methods
Cell culture of RAW 264.7 cells
RAW 264.7 cells were grown in DME (Invitrogen) supplemented with 10%
heat-inactivated FBS (Invitrogen) and 100 U/ml of penicillin/streptomycin
mixture (Sigma-Aldrich) at 37 C with 5% CO2. During microscopic obser-
vation, the cells were maintained at 37 C on a heated stage in Ringer’s
buffer (155 mM NaCl, 5 mM KCl, 2 mM CaCl2, 1 mM NaH2PO4, 10 mM
Hepes, and 10 mM glucose, pH 7.2).
CFP and YFP constructs
GFP–LAMP-1 was provided by N. Andrews (Yale University School of
Medicine, New Haven, CT). PCR-amplified LAMP-1 sequences were in-
serted into pEYFP-N1 (CLONTECH Laboratories, Inc.) to create YFP–
LAMP-1. GFP-Rab5a was provided by P. Stahl (Washington University,
St. Louis, MO). GFP-2xFYVE, containing two linked FYVE finger domains
from hepatocyte growth factor–regulated tyrosine kinase substrate (Hrs),
was supplied by H. Stenmark (Norwegian Radium Hospital, Oslo, Nor-
way). Rab7 cDNA was a gift from A. Wandinger-Ness (University of New
Mexico, Albuquerque, NM). The PCR-amplified coding sequences of
Rab5a, 2xFYVE, and Rab7 were subcloned into pEYFP-C1 and pECFP-C1
vectors (CLONTECH Laboratories, Inc.) to create YFP-Rab5a, CFP-Rab5a,
YFP-2xFYVE, YFP-Rab7, and CFP-Rab7. All constructs were verified by
sequencing. Mammalian expression vectors for pECFP-N1 (CFP), pEYFP-
actin, pEYFP-ER, and pEYFP-Golgi were purchased from CLONTECH
Laboratories, Inc.
Transient transfection and fluorescent labeling
All DNA used for transfection was prepared with a MaxiPREP kit
(QIAGEN). For cells transfected by electroporation, RAW cells were sus-
pended at  3   10
6 cells/ml in DME. 400  l of the cell suspension was
mixed with 2  g of plasmid DNA in a 4 mM gap electroporation cuvette
(BTX). Electroporation was performed in an ECM 630 (BTX) at 300 V,
1,000  f, and 25  , to yield a time constant of  13 ms. Cells were then
plated on 25-mm coverslips and grown in DME with FBS for at least 18 h
before observation. For some experiments, RAW cells were transfected
with Fugene 6 (Roche), according to the manufacturer’s instructions. For
pulse-chase experiments, RAW macrophages transfected with YFP chime-
ras were pulsed with 0.5 mg/ml Texas red dextran, Mr 10,000 (Molecular
Probes) in DME for 30 min, washed four times with warm Ringer’s buffer,
and then incubated overnight in DME to allow Texas red dextran redistri-
bution to lysosomes. The specificity of YFP-2xFYVE for PI(3)P was testedUniformity of phagosome maturation in macrophages | Henry et al. 193
by incubating transfected RAW cells for 30 min with 100 nM wortmannin
(Sigma-Aldrich) and measuring redistribution of the chimera.
Phagocytic assays
Sheep erythrocytes were opsonized with IgG rabbit anti–sheep erythrocyte
(E-IgG) (Knapp and Swanson, 1990). Phagocytosis was initiated by adding
of 10
8 E-IgG to the RAW cells at 37 C. Opsonized erythrocytes were
labeled with a FITC-conjugated goat anti–rabbit IgG antibody (Sigma-
Aldrich) and analyzed using a FACScan
® instrument and CellQuest soft-
ware (BD Biosciences). 3.5 or 5- m latex beads were incubated with 10
mg/ml BSA (Sigma-Aldrich) in Ringer’s buffer for 1 h at 37 C and washed
by centrifugation. BSA-coated beads were opsonized with IgG mouse anti-
BSA (Sigma-Aldrich) for 30 min at 37 C. Latex beads were added to RAW
cells at 4 C, after which the coverslips were centrifuged at 700 g for 2 min.
The coverslips were warmed to 37 C before image acquisition.
Microscopy
An inverted fluorescence microscope (Nikon TE-300) was equipped with a
temperature-controlled stage, shutters for trans- and epifluorescence illu-
mination, filter wheels for both excitation and emission filters, dichroic
mirrors that allowed simultaneous detection of multiple fluorophores, a
60x 1.4 oil Planapo objective, and a cooled digital CCD camera (Quantix;
Photometrics). Electronics were controlled by Metamorph image process-
ing software (Universal Imaging Corp.). Imaging employed the two filter
wheels and selective dichroic mirrors for viewing both YFP and CFP
(Omega Optical). Time-lapse movies of phagocytosis were obtained by
collecting three 12-bit images: a phase-contrast image and then two fluo-
rescence images, YFP and CFP. Such series were collected every 15 s for
15–30 min, unless indicated otherwise. Light exposure and image collec-
tion were adjusted to obtain maximal pixel values between 200 and 400
(12-bit range of 0–4096; background   offset intensities were 100–125).
Image analysis
Methods for image analysis and contrast enhancement were applied uni-
formly using an automated processing routine developed in Metamorph.
Primary fluorescence images were background corrected for each frame
by subtracting the mean value from a cell-free region. A ratio image was
obtained by dividing the YFP image by the corresponding CFP image and
multiplying by 1,000. A binary mask was produced from the addition of
the YFP and CFP images and a manual threshold. The binary and divided
images were combined in a logical AND to produce ratio images that ex-
cluded noncellular signals. Processed images were prepared for presenta-
tion using Adobe Photoshop and Adobe Premiere (Adobe Systems Inc.).
The dynamics of YFP chimeras relative to CFP were analyzed quantita-
tively using a novel particle-tracking routine developed using Metamorph
software. The routine used a cross-correlation centroid tracking algorithm
to locate the center of the phagosome in each phase-contrast image of a
time series. The centroid was then used to position regions of interest in
the thresholded fluorescence images (YFP and CFP). These regions were
circles large enough to include the entire sheep erythrocyte and its sur-
rounding cytoplasm, generally with a diameter of 5  m. The output of this
routine included the position of the phagosome, the mean YFP and CFP in-
tensities inside the threshold, and the fractional area of the region included
in the binary mask defining the cell profile. A second region drawn around
the entire cell was used to measure the average fluorescence intensities of
YFP and CFP over the entire cell. Relative ratios of YFP/CFP in the phago-
some (Rp) were then divided by the YFP/CFP for the entire cell (Rc) to ob-
tain a cell-normalized phagosome ratio (Rp/Rc). In all cases, Rc changed
very little during the course of a time series, indicating that changes in Rp/
Rc primarily indicated changes in Rp.
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